Ribonuclease-A (RNase-A) has been a model for studying protein folding and unfolding. However, we show here that its unfolding at neutral pH is complicated by aggregation. Circular dichroism thermal scans showed that reversibility of RNase-A after heating is only about 63%. In accordance with this observation, native-polyacrylamide gel electrophoresis of the sample heated at 759 C showed formation of soluble oligomers. Ammonium sulfate at 0.4 M caused about a 39 C higher melting temperature and nearly complete reversibility, while glycine and NaCl at 0.4 M signiˆcantly increased reversibility and decreased aggregation without aŠecting melting temperature. These results demonstrate that aggregation makes thermal unfolding of RNase-A at least partially irreversible and salts and glycine increase reversibility and decrease aggregation.
Ribonuclease-A (RNase-A) is the most commonly used protein for studying the thermal unfolding process. [1] [2] [3] As shown in this paper and by others, 4) this protein undergoes a partially irreversible thermal unfolding at neutral pH. We have, therefore, characterized thermal unfolding of the protein by circular dichroism (CD) and using native-polyacrylamide gel electrophoresis (native-PAGE). Here we show that aggregation occurs during thermal unfolding, making unfolding at least partially irreversible, and that certain additives decrease aggregation and increase reversibility.
RNase-A type X-A from Sigma was used without further puriˆcation. The protein was dialyzed against 10 mM sodium phosphate, pH 6.4. CD thermal scan and thermal stress experiments were carried out throughout this study in 10 mM sodium phosphate, pH 6.4.
CD thermal scans were carried out on a Jasco J-715 spectropolarimeter equipped with a PTC-348WI temperature controller and a peltier cell holder. The CD signal at 222 nm was monitored using a 0.1 cm pathlength cell at a scan rate of 209 C W hr. The protein concentration at ¿1 mg W ml was scanned in the absence and presence of various additives. After heating to 809 C, the sample was cooled to room temperature and incubated for at least 30 min at room temperature. After gently mixing the sample solution inside of the cell to avoid repeated illumination of the same spot, it was rescanned under identical conditions. There was no visible turbidity observed after heating to 809 C.
The eŠects of thermal stress were examined by heating the sample at 759 C for the indicated period and analyzing the heated sample by native-PAGE, which maintains the conformation and aggregation state of the sample. After heat treatment, the sample was mixed with native-PAGE sample buŠer at pH 6.1 and immediately loaded on gels.
Thermal unfolding of RNase-A is characterized by a sigmoidal transition of the signal with a mid-transition temperature of 639 C, close to the published value.
2) After cooling to room temperature, the CD signal at 222 nm did not return to the original value, indicating that thermal unfolding of RNase-A is partially irreversible. The recovery of the native protein after heating is about 63z. The observed decreased recovery is not due to precipitation.
The same sample was heated at 759 C, a temperature signiˆcantly higher than the end-temperature, 689 C, of the thermal transition. The heated sample was analyzed by native-PAGE as shown in Fig. 1 . The unheated control gives a single band on the gel. A broad band is due to the fact that there is no stacking eŠect in the electrophoresis system. After being heated at 759 C for 20 and 30 min, the sample showed a new band slightly above the native protein as shown in Fig. 1 (lanes 2 and 7) , indicating formation of soluble oligomers.
We attempted to search for additives that reduce this heat-induced aggregation of RNase-A using native-PAGE. Figure 1 shows eŠects of Nonidet P-40 (NP40). It is apparent that NP40 protects RNase-A from thermal stress at 759 C and the degree of protec- 881 Thermal Unfolding and Aggregation of Ribonuclease-A tion increase as the NP40 concentration is increased from 0.1 to 2z. Under any conditions tried, there are more oligomers formed after longer incubation at 759 C.
Next we examined typical protein stabilizers, sucrose and glycine, and a protein destabilizer, urea. As expected, 0.4 M urea largely eliminated the monomer and generated a smeared broad band corresponding to oligomers, shown in Fig. 2 (lane 6) . Addition of 0.4 M glycine reduced aggregation, while 0.2 M sucrose showed little eŠect. Figure 3 shows the eŠects of NaCl and ammonium sulfate at 0.4 M. It is evident that the band corresponding to the oligomers is absent in these samples, indicating that salts are highly eŠective in minimizing aggregation of RNase-A during heat treatment.
These compounds are tested for their eŠects on melting temperature of the protein by CD thermal scans. The melting temperatures, summarized in Table 1 , slightly vary with the type of additives at the concentration used, except for 0.4 ammonium sulfate, which shows a small, but signiˆcant, increase in melting temperature. The observed reversibility in Table 1 is consistent with the thermal stress experiments described above.
Thermal stress was measured by heating RNase-A CD thermal scans were measured at 222 nm, which monitors changes in helical structure. RNase-A was formulated in 10 mM phosphate, pH 6.4.
a Onset, mid, and end temperatures of melting were estimated by takinĝ rst derivative of the thermal transition curve.
b Reversibility of thermal unfolding was calculated from the recovery of the CD signal at 509 C after heating to 809 C. 882 Y. KITA and T. ARAKAWA at 759 C, which is above the end temperature of melting even in the presence of 0.4 M ammonium sulfate. Therefore, nearly 100z of the protein is thermally unfolded at the end of the scan or during heat treatment. According to the Eyring model, 5) aggregation occurs to unfolded proteins and hence the extent of aggregate formation depends on the concentration of unfolded protein and the rate of aggregation reaction. Assuming theˆrst term identical for diŠerent excipients, aggregation and loss of recovery of native protein depend on the rate of aggregation. It appears then that aggregation reaction is greatly reduced in ammonium sulfate, NaCl and glycine. These excipients are in general known to stabilize proteins and enhance protein association. It is, therefore, speculated that they either facilitate refolding of RNase-A or bind to the unfolded protein and thereby reduce aggregation.
